The global ocean contains a massive reservoir (662 ± 32 Pg C) of dissolved organic carbon (DOC), and its dynamics, particularly in the deepest zones, are only slowly being understood. DOC in the deep ocean is ubiquitously low in concentration (~35 to 48 μmol kg
Introduction
Marine dissolved organic carbon (DOC), the ocean's largest standing stock of reduced carbon, is predominantly formed at the ocean surface through primary production [Carlson and Hansell, 2015] . A portion of newly produced DOC undergoes transformations that render it recalcitrant and resistant to microbial breakdown [Jiao et al., 2010; Hansell, 2013] . The refractory fraction of the accumulated DOC, constituting >95% of DOC in the ocean, is found throughout the water column, having been introduced to the interior by overturning circulation [Hansell et al., 2009] . With average ages of up to 6000 years Druffel et al., 1992] , this fraction survives multiple meridional overturning cycles.
While DOC in the deepest ocean layers is typified as having great age, there have been suggestions of quantitatively significant inputs of recalcitrant (i.e., resistant to microbial consumption) [Hansell, 2013] yet relatively modern DOC by processes other than overturning circulation. Proposed mechanisms include solubilization of organic particles exported from the euphotic zone [Follett et al., 2014] , the microbial transformation of that solubilized material to a recalcitrant form (i.e., the microbial carbon pump) [Jiao et al., 2010] , and chemoautotrophic production of DOM [Hansman et al., 2009; Reinthaler et al., 2010 ].
An additional source of DOC specific to the Southern Ocean could be local overturning, with export of organic matter from Antarctic shelves upon the formation of Antarctic Bottom Water (AABW). Primary production in the Southern Ocean generates 1949 ± 70.1 Tg C yr
À1
; the Ross and Weddell Antarctic shelves are responsible for 50% of this production due to their massive seasonal phytoplankton blooms [Arrigo et al., 2008] . These blooms result in particle export and surface DOC accumulation [Arrigo et al., 1999; Arrigo et al., 2008; Carlson et al., 2000] , but whether that DOC is exported from the shelves is unknown. Further, the ages in the deep layer diverge from those expected from conservative mixing of the source water masses. A question we pose is whether localized processes leave an observable signal in the DOC concentrations of the deep circumpolar waters beyond that expected through this mixing. As the Southern Ocean receives waters of distinctive character from the Atlantic, Pacific, and Indian basins, as well as local shelf inputs (i.e., bottom water formation), we focus on the mixing of those deep waters in the Antarctic Circumpolar Current (ACC).
Hydrographic Context
Here we consider the formation of CDW and AABW, using analyses by previous authors that established contributions of North Atlantic Deep Water (NADW), Indian Deep Water (IDW), and Pacific Deep Water (PDW) [Broecker, 1991; Gordon, 1986; Schmitz, 1995; Lumpkin and Speer, 2007; Talley, 2013a Talley, , 2013b . CDW is formed through the upwelling of deep water masses [Marshall and Radko, 2003; Wolfe and Cessi, 2011] sourced from the Atlantic, Indian, and Pacific Oceans and is distinguished by upper (UCDW) and lower (LCDW) components, as the core of each has distinct sources [Orsi et al., 2002] . We additionally consider the input of Antarctic shelf waters in the formation of AABW [Jacobs et al., 1985; Orsi et al., 1999] . The definitions employed here for water masses are given in Table 1 , while their physical properties, as relevant to this analysis, are in Table 2 .
Overturning circulation of deep waters on the global scale is depicted in Figure 1 . NADW originates from warm, saline subtropical surface waters, carried northward by the Gulf Stream [Broecker, 1991] . Once these waters reach high latitudes, they become cool and dense, forming waters that invade the deep Atlantic to travel south. Unlike NADW with its surface water origins, IDW and PDW ultimately originate from near-bottom circumpolar waters formed in the Southern Ocean [De Vries and Primeau, 2011] . IDW forms from AABW/LCDW mixing with a small portion of NADW; it is subsequently freshened and warmed by Subantarctic Mode Water (SAMW) as it flows toward the Southern Ocean. PDW is formed in the North Pacific by mixing of northward flowing LCDW with low-salinity subpolar intermediate waters (IW), whereupon it flows southward to rejoin the Southern Ocean. In CDW itself, the NADW contribution is primarily found in LCDW, giving it a saltier, denser, oxygen-enriched Gordon [1986] , Lumpkin and Speer [2007] , and Orsi and Whitworth [2004] for NADW, IDW, and PDW, and Orsi et al. [1999 Orsi et al. [ , 2002 for AABW, UCDW, and LCDW.
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and nutrient-deprived character in comparison to the oxygen-depleted and nutrient-enriched UCDW, which in turn is strongly derived from PDW and IDW [Orsi et al., 2002] .
AABW, the Southern Ocean's abyssal water mass, results from the cooling and mixing of LCDW with dense shelf overflow waters produced in Antarctic shelf systems [Carmack, 1977; Jacobs et al., 1985] . AABW is separated from the other major water masses through a neutral density (γ n ) cutoff of 28.27 kg/m 3 [Orsi et al., 1999] ( Table 1) . Although AABW is formed at the continental shelf slope all along the Antarctic continent, the main Antarctic shelves responsible for formation are those of the Weddell and Ross Seas [Jacobs et al., 1985] ( Figure 1 ), with lesser contributions from the Amundsen Sea and Antarctic Peninsula. Considering the transports from the Atlantic, Indian, and Pacific Oceans, CDW/AABW is renewed at 29 Sv (Figure 1 ) [Talley, 2013a] .
Analytical Approach
To answer the question on whether local DOC inputs leave an observable signature in the deep CDW, we assessed the CDW DOC concentrations using three approaches. To determine if DOC is conserved with simple mixing of NADW, IDW, and PDW, we compared the mean measured DOC concentration (DOC meas ) in CDW to (i) that expected by net volume transports (DOC transports ) of NADW, IDW, and PDW ( Figure 1 ), (ii) that estimated by a binary mixing model of NADW, IDW, and PDW (DOC binary ), and (iii) that estimated from [Schmitz, 1995] . [Baringer et al., 2014; Wanninkhof et al., 2015] , the Indian (I08S, I09N, and SR03) [Feely et al., 2007a [Feely et al., , 2007b Rintoul and Rosenberg, 2014] , the Pacific (P16S, P16N, and P18) [R. A. Feely et al., 2008; , and the Southern (S04P) Oceans [Sabine et al., 2012] . Δ 14 C-DIC data, used to assess the validity of our mixing analysis (section 5.2), were obtained from previous occupations of A16N [Peltola et al., 2005] and A16S [Wanninkhof et al., 2006] , and the above cited sources for P16N and P16S, and I08S and I09N.
DOC in the Deep Waters
Near its formation region, NADW has DOC concentrations of~48 μmol kg À1 (Figure 3 ). Through mixing and removal during advection into the Southern Hemisphere (here values are reported for the zone 20-40°S), DOC declines to~41 μmol kg À1 (Table 1 and Figure 3 ) Carlson et al., 2010] . IDW has a fairly constant DOC concentration, like that of the NADW in the Southern Hemisphere (~41 μmol kg À1 , Figure 3 and Table 1 ). The PDW DOC concentration is~37 μmol kg À1 (Figure 3 ),~4 μmol kg À1 lower than that of NADW and IDW.
Across the three deep water masses of the Southern Ocean (UCDW, LCDW, and AABW at >50°S; section 2), DOC concentrations were relatively uniform, ranging from~39 to~42 μmol kg À1 (Figure 3 ). The mean concentrations were 40.8 ± 1.0 μmol kg
À1
, 40.1 ± 0.8 μmol kg À1 , and 40.2 ± 0.7 μmol kg À1 , respectively (Tables 2   and 3 ); the overall mean of these waters was 40.4 ± 0.8 (Table 3 ). In sum, mean DOC in the deep ACC is similar (within 1 μmol kg
) to that in NADW and IDW, but~3 to 4 μmol kg À1 higher than in PDW (Table 2 ).
There were some relatively elevated values (>42 μmol kg
) in the deep circumpolar layers; 48 of 372 (13%), 15 of 451 (3.3%), and 7 of 416 (1.7%) observations in UCDW, LCDW, and AABW, respectively. Some of these elevated values could be due to simple analytical imprecision or other errors while some could be regional anomalies, as discussed in section 5.1.
Water Mass Transport Analysis
At 30°S,~17.6 Sv of NADW, 15.7 Sv of IDW, and 8.8 Sv of PDW flow southward to the Southern Ocean [Talley, 2013a] . Once there, 4.9 Sv of NADW are upwelled to ultimately form SAMW and AAIW, while the remaining 12.7 Sv contributes to the CDW/AABW pool [Talley, 2013a] (Figure 1 ). Table 1 caption.
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As IDW and PDW flow into the ACC, they mix into the UCDW layer, and hence, their sources become indistinguishable. Thus, to estimate the resultant concentration of DOC after mixing of these water masses in the Southern Ocean, the volume transports of IDW (15.7 Sv) and PDW (8.8 Sv) at 30°S [Talley, 2013a] were applied to the respective mean DOC concentrations ( ), including propagation of an assumed 5% uncertainty in mass transports, is indistinguishable from the mean observed DOC (DOC meas = 40.4 ± 0.8 μmol kg À1 ).
Simple Binary Mixing Model
A second test of the conservative nature of DOC in the deep ACC is a two-component mixing analysis for the water masses of interest. As there are in fact three end-members involved (NADW, IDW, and PDW), the binary mixing model requires simplification of the system. Here we consider two distinct end-members: one originating from the Atlantic sector and one from the merged Indian-Pacific sector (all data from 20 to 40°S). Salinity and γ n are essentially identical in southward flowing IDW and PDW (Table 2) , so the DOC from the Indian-Pacific sector is estimated as one end-member (as in Orsi et al. [2002] in their considering AABW formation) using equation (1).
The fractions of the Atlantic (F A ) and the Indian-Pacific (F I+P ) end-members are determined using salinity as the conservative tracer:
and
where S NADW , S CDW , and S IDW+PDW are the salinities of NADW (34.84 ± 0.08), CDW (34.71 ± 0.03), and IDW + PDW (34.65 ± 0.07), respectively (Table 2) . Using this method, F A = 36% and F I+P = 64%.
The DOC concentration of CDW expected from this binary mixing was found as follows: 
Multiple Linear Regression
Here a multiple linear regression (MLR) model [Bostock et al., 2013; Sabine et al., 2008; Wallace, 1995] establishes the relationship between measured DOC and observed hydrographic variables in the three primary end-members (NADW, PDW, and IDW). In this model, DOC observed on the CLIVAR sections (Figure 2 ) is considered a result of linear mixing between these water masses, using conservative tracers θ, salinity (S; with a constant of 35 removed), γ n , apparent oxygen utilization (AOU), and a constant offset (β).
where [DOC] MLR is the concentration of DOC predicted by the regression, α 1 , α 2 , α 3 , and α 4 are the regression coefficients determined by a singular value decomposition, weighting the relative contributions of each parameter to the DOC concentration (coefficients given in Table 4 ). , and 39.2 ± 0.1 μmol kg À1 for UCDW, LCDW, and AABW, respectively, with a mean of 39.6 ± 0.5 μmol kg À1 (Table 3) .
This optimization includes all data reported from the CLIVAR Repeat Hydrography cruises shown in Figure 2 . MLR relies on variability in its predictors (i.e., salinity, θ, γ n , and AOU), which, in the case of NADW, IDW, and PDW, is lacking because the ranges among these variables are narrow in the deep waters (Table 2) . Thus, to generate a complete mixing curve, we used all data from the CLIVAR lines (Figures 4a and 4b) . The regression consisted of 10,832 data with an R 2 of 0.90 ( Figure 4a and (Table 4 ). The greatest deviation of the residuals in the model occurs in the upper 1000 m (Figure 4c ).
Discussion
Conservative Versus Nonconservative Nature of DOC in the Southern Ocean
The mass transport, binary mixing, and MLR calculations showed that DOC concentrations found in the deep Southern Ocean are equivalent to those expected given conservative mixing and transport of NADW, IDW, and PDW. As evidence is absent for localized inputs having a large-scale, observable effect on the Southern Ocean DOC, DOC concentration there is apparently a conserved variable.
There was some evidence of relatively elevated DOC concentrations (>42 μmol kg
À1
) in the circumpolar waters (described above): 13% of UCDW, 3.3% of LCDW, and 1.7% of the AABW were above 42 μmol kg À1 .
This elevation is evident in the MLR residuals versus depth, in particular in the upper layer (Figure 4c , orange symbols). As the UCDW layer was present as shallow as~150 m, both vertical mixing and solubilization of sinking particles could be an explanation for these enhanced values. When the data from UCDW are constrained to depths >500 m, these elevated values essentially disappear, bringing the mean DOC from 40.8 ± 0.8 μmol/kg (N = 372) to 40.1 ± 0.8 μmol/kg (N = 97).
The majority of the elevated values were on two of the six CLIVAR lines crossing the Southern Ocean (I08S and P16S); there were no elevated DOC values apparent in the deep circumpolar layers on S04P, SR03, A16S, or P18. The reason behind the elevated values on I08S and P16S could be either regional (local) anomalies or analytical errors. On I08S (Figure 2 ), the elevated DOC observations appear in one region, from 58°S to 66°S, near the Amery shelf, suggestive of a localized input at the shelf break. Northward of 58°S, there are essentially no elevated DOC values, implying that if there is an enrichment of organic matter at the Amery shelf slope, it is diluted to the point beyond detection or consumed. We do not observe any local DOC enrichment in the Pacific or Atlantic sectors of the Southern Ocean near the Ross or Weddell Seas, which is consistent with previous studies that suggest that DOC produced on Antarctic Shelves during bloom events is consumed within its season of production [Kähler et al., 1997; Carlson et al., 1998 Carlson et al., , 2000 . Global Biogeochemical Cycles
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On P16S (Figure 2 ), the anomalous DOC values are more randomly scattered, and so perhaps more likely due to analytical imprecision. These few elevated DOC values are addressed by Follett et al. [2014] and are used to illustrate the importance of sinking particle solubilization in modifying the Southern Ocean's DOC concentration and isotopic composition. They proposed that 20 to 50% of sinking particles are solubilized to a semilabile form of DOC that persists for decades, thus present to concentrations of 7-12 μmol kg À1 on top of a refractory pool. They further suggest that in the Southern Ocean, this semilabile pool is observable beyond background levels. In contrast, we find that the distribution of DOC in the Southern Ocean reflects conservative mixing; the elevated DOC values noted by Follett et al. [2014] are not ubiquitous and instead appear to be isolated (I08S and P16S; Figure 2 ) and perhaps simply analytical noise. Though there may be some localized elevation in the Southern Ocean, it is apparently regional and does not persist. We found no evidence for widely distributed inputs of DOC, with lifetimes of years or decades, by processes such as solubilization of sinking particles. Indeed, given the homogeneity of DOC in the deep Southern Ocean, it appears that bottom waters are not enriched, precluding a quantitatively important contribution by that process.
Sinking particles nevertheless are important sources of DOC to heterotrophic microbes at great ocean depths [Andersson et al., 2004; Nagata et al., 2010] , including the deep Southern Ocean [Arístegui et al., 2002] . As we are unable to analytically resolve an accumulation of bulk DOC due to this solubilization, we infer that most DOC released by sinking particles is consumed on a relatively short time scale. While there is evidence for DOC accumulation associated with sinking particles at great depths (e.g., traceable as fluorescent dissolved organic matter and as RuBisCO: Yamashita and Tanoue, [2008] and Orellana and Hansell [2012] , respectively), it is apparently present at submicromolar concentrations, lying below the analytical resolution of bulk DOC measurements.
Addressing the Radiocarbon Age of Southern Ocean DOC
Early reports of whole water column Δ 14 C DOC profiles were from the western North Atlantic and the central North Pacific Oceans and the Southern Ocean [Druffel and Bauer, 2000] . The radiocarbon age of DOC in the deep North Pacific is~2000 years older than in the North Atlantic. In the Southern Ocean, the radiocarbon content is similar to that of the North Pacific, thus perhaps being more depleted than expected given aging anticipated as the carbon moves with the deep limb of the meridional overturning circulation [Druffel and Bauer, 2000] .
Studies that addressed this apparent discrepancy in the Southern Ocean's radiocarbon suggested local inputs of radiocarbon-depleted DOC as a cause. For example, Druffel and Bauer [2000] hypothesized that 14 C-depleted DOC is introduced from the continental margin sediments, consistent with their interpretation of 14 C gradients in the North Pacific [Bauer and Druffel, 1998 ]. Through molecular composition analysis of DOM in the Weddell Sea and the Atlantic sector of the Southern Ocean, Lechtenfeld et al. [2014] suggested that advection and 
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upwelling in high southern latitudes could cause enhanced sequestration of refractory DOC, explaining its nonconservative age. Follett et al. [2014] suggested that relatively 14 C depleted DOC is added to the deep Southern Ocean by solubilization of sinking biogenic particles, themselves holding a depleted 14 C signature due to formation with aged (upwelled) inorganic carbon, thus giving an aged radiocarbon signal. These studies all demonstrate that the bulk DOC pool is composed of multiple components, each with distinct molecular composition and isotopic character. They explain these findings through suggesting that a fraction of the bulk DOC pool is locally sourced.
But are local processes such as those proposed actually required to explain the radiocarbon content of DOC in the deep Southern Ocean? Could the conservative input of DOC carried by NADW, IDW, and PDW, as described above, simply create the radiocarbon profile of the Southern Ocean? To assess this scenario, we first conduct a mass balance assessment on Δ 14 C-DIC, testing for the role of simple mixing in determining its value in the deep Southern Ocean and then extend this assessment to Δ 14 C-DOC using the same calculations for volume transports as described above (section 4.1).
We use Δ 14 C-DIC data of NADW and PDW reported in the Southern Hemisphere (south of 0°) from the CLIVAR lines A16, P16, and P18. In the middle southern latitudes of the Indian Ocean, an influx of 5 Sv of NADW, as well as mixing with overlying SAMW, enriches IDW with younger 14 C (Figure 5 , top) [Talley, 2013a] . To account for these modifications, the 14 C-DIC age for IDW prior to mixing with SAMW was taken between 0 and 20°S from CLIVAR I08S. The Δ 14 C-DIC data for the Southern Ocean deep waters were taken from CLIVAR lines A16S, P16S, P18, I08S, and S04P (at >50°S; Figure 2 ).
The Δ
14
C of DIC in the NADW is relatively younger than that found in IDW or PDW, and the values in the circumpolar layers reflect a mixture of these three water masses (Figure 5, top) . We find that NADW in the Southern Table 5 ; these data were obtained from the CLIVAR cruises listed in section 5.2 (cruise tracks in Figure 2 ). (bottom) Mean Δ 14 C-DOC (‰; ± standard deviation; bottom) of the deep Atlantic (blue; E. Druffel, personal communication, 2015) , Indian (red; estimated in section 5.2), Pacific (grey) [Druffel and Griffin, 2015] , and Southern (green) [Druffel and Bauer, 2000] Oceans versus latitude in the Southern Hemisphere. a Each water mass has been constrained using the same parameters as defined in Table 1 , except their latitudinal constraints that are 0 to 50°S for NADW and PDW, 0 to 20°S for IDW, and >50°S for UCDW, LCDW, and AABW.
Global Biogeochemical Cycles 10.1002/2015GB005252 14 C age ranges between 5300 and 6300 years old (À524 ± 26‰; Figure 5 , bottom). The result of this calculation is that DOC in the IDW should be older than that in the South Atlantic (i.e., NADW alone) and similar if not slightly younger than in the Pacific. As IDW has as its sources CDW and NADW, the estimate may be reasonable, as DOC in IDW has an estimated radiocarbon content lying between NADW and PDW. If this calculation of the IDW radiocarbon content in DOC in fact reflects the system, then we infer that the Δ
C DOC values in the deep Southern Ocean are simply a result of conservative inputs from NADW, PDW, and IDW.
Given these results, the radiocarbon content of DOC in the Southern Ocean is likely not older than would be expected considering the input of these three major deep waters to that system.
Conclusion
Here we tested for the conservative nature of DOC in the circumpolar waters of the Southern Ocean. We do not observe locally added DOC to persist in the deep layers nor do we observe local sinks. Instead, the DOC distributions result from conservative mixing of the Atlantic, Indian, and Pacific deep waters. While the scarcity of radiocarbon data of DOC from all ocean basins is problematic and requires future investigation, the radiocarbon-depleted character of DOC found in the Southern Ocean is consistent with conserved inputs.
